Summary: A magnetic resonance (MR) imaging brain mapping method was used to localize an activated volume of brain tissue in chloralose-anesthetized rats during elec trical stimulation of the forepaw. Physiologically-induced changes are characterized by alterations of the magnetic properties of blood as determined by the oxygenation state of hemoglobin. Stimulation of the left forepaw led to an increase in MR signal intensity of the contralateral frontal and parietal cortices, which corresponded to fore limb motor and somatosensory areas. The activation was contiguous in coronal planes between + 5 and + 2 mm Neuronal activity in the brain is coupled to local alterations in cerebral metabolism and hemodynam ics (Siesjo, 1978) . Metabolism is interpreted as the utilization of specific substrates and oxygen, whereas hemodynamics is defined in terms of cere bral blood flow and cerebral blood volume. Brain mapping techniques, such as autoradiography (Sokoloff et aI., 1977) , positron emission tomogra phy (PET) (Fox et aI. , 1986) , and magnetic reso nance (MR) imaging (MRI) (Kwong et aI. , 1992) have been developed to measure these physiologi cal parameters.
The most commonly used MRI brain mapping method relies on physiologically-induced changes in the magnetic properties of blood as determined by the oxygenated state of hemoglobin (Ogawa et anterior to the bregma, and its volume was calculated to be 20-30 mm 3 • Each activated region was revealed using a paired t-test statistical analysis method and the acti vated volume was calculated from regions exposed by thresholding at p < 0.005. Physiologically-induced frac tional signal changes, �S/S, in the motor and somatosen sory areas were 0.06 ± 0.04 and 0.17 ± 0.06, respectively. Key Words: Magnetic resonance imaging-Somatosen sory cortex-Motor cortex-Hemoglobin-Cerebral blood flow.
aI. , 1990). Since oxy-hemoglobin (Hb02) is diamag netic while deoxy-hemoglobin (Hb) is paramag netic, the concentration of paramagnetic Hb pro duces a bulk magnetic susceptibility difference be tween capillaries and surrounding tissue that is blood-oxygen dependent. This susceptibility differ ence creates a local magnetic field distortion that extends into the surrounding tissue and dephases the signal. The signal intensity of each voxel within the MR image is attenuated by the extent of the intravoxel dephasing, which is characterized by an apparent transverse relaxation time, T 2 *. Gener ally, in MRI-based functional imaging experiments on humans, an increase in physiologically induced basal signal (IlS >0) has been observed in the region of interest (ROI). This is consistent with a decrease in Hb concentration, which yields an increase in voxel signal intensity, i.e., T 2 * increases . Recently, this technique has been used for mapping sensory, motor, and cognitive functions in the human brain (Bandettini et aI. , 1992; Kwong et aI. , 1992; Ogawa et aI., 1992; Blamire et aI. , 1992; Turner et aI. , 1993; McCarthy et aI., 1993) .
Electrical stimulation of the forepaw in rats anes-thetized with a-chloralose has been shown to in crease local cerebral blood flow and glucose metab olism in the contralateral primary somatosensory cortex (Ueki et aI., 1988 (Ueki et aI., , 1992 . We present here the use of MRI, at a magnetic field strength of 7 T, to investigate dynamic changes in the MR response of the rat brain during electrical stimulation of the forepaw. This work was presented recently (Hyder et aI., 1993) .
MATERIALS AND METHODS

Animal preparation
Sprague-Dawley male rats (300--4 50 g, n = 15) were tracheotomized and ventilated with a 70/30% N20/02 mixture under 1.5% enflurane anesthesia. Following sur gical procedures, 80 mg/kg a-chloralose (dissolved in pro pylene glycol) was administered intraperitoneally (i. p. ). Enflurane was discontinued � IO min after the a-chloral ose injection. Supplemental doses of a-chloralose were given i.p. (20 mg/kg) at 30-min intervals. Dosages of an esthesia (pre-and postsurgery) were similar to those de scribed by Ueki et al. (1988 Ueki et al. ( , 1992 and Lindauer et al. (1993) . A femoral artery was cannulated to monitor the arterial blood pressure. Blood PaC02 ' Pao2, and pH were measured from arterial blood samples at the beginning and end of the experiment. Two narrow-gauge copper wires were inserted into the skin of the left forepaw and attached to an electrical stimulator (model S 88, Grass, Quincy, MA, U.S. A. ) that provided 5V pulses of 0. 3 ms duration at 3 Hz (Ueki et aI., 1988 (Ueki et aI., , 1992 . The head was secured in a holder designed to minimize movement. The rat was placed on a cradle with a heating pad ( � 37°C) and positioned in the magnet isocenter.
Imaging experiment
MR images were acquired on a 7 T Bruker Biospec (Bruker Instruments, Billerica, MA, U. S. A. ) horizontal bore spectrometer equipped with Bruker actively shielded shim/gradient coils. A circular surface-coil of 8 mm diameter was placed above the head and centered � 1-2 mm anterior or posterior to the bregma. The posi tion of the rat's eyes was used as an external landmark for the placement of the surface-coil above or near the bregma. The center of the coil was placed 4-10 mm pos terior to an imaginary line intersecting the midpoint of both eyes. At the end of each experiment, animals were killed and the scalp exposed to define precisely the posi tion of the bregma relative to the isocenter of the surface coiUmagnet. In several experiments, the surface-coil was placed above the right hemisphere to improve B1-field homogeneity and sensitivity in the ROJ.
A two-dimensional (2D) Fourier transform (FT) imag ing sequence was used for all experiments . In all cases, the field of view was 2 cm and slice thickness was 500 ILm. T1-weighted images were ac quired with an image matrix of 128 x 128 pixels, a repe tition time (T R) of 3 s, echo time (T E) of 16 ms, and inversion recovery time (T1R) of 300 ms. Scout images were acquired in coronal, sagittal, or axial planes to choose the specific planes for functional imaging. The magnetic field homogeneity of the brain was optimized by nonlocalized shimming. The in vivo water line width was typically 30-35 Hz after shimming. MR angiograms J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 (Frahm et aI., 1988) were acquired (T R = 1 ms, T E = 16 ms, matrix = 256 x 256) in some cases to depict ' large blood vessels within selected planes. Figure IA shows the T 2 *-weighted imaging pulse se quence. Generally, 32 T2*-weighted images (TR = 250 ms, TE = 16 ms, matrix = 64 x 64) were collected seri ally for each selected plane for a baseline and a stimula tion set (18 s per image, 5 s interimage delay). In the baseline set, the stimulation was off during all 32 images. In the stimulation series of images, the electrical stimu lator was switched on during acquisition of images 11-22 ( Fig. lB) . At least two baseline and stimulation sets were collected for each selected plane. Four dummy images were acquired, prior to the start of data collection, so as to maintain a steady-state throughout the experiment.
Data analysis
MR images were analyzed off-line on a V AXstation 3200 computer (Digital Equipment, Maynard, MA, U. S.A.). The mean of the first IO images, representing basal signal, S, was subtracted from each image within the series, thus producing 32 difference images and re vealing physiologically-induced signal changes, �S. In the stimulation set of images, the first IO images consti tuted the "preactivation" period and images 11-22 con stituted the "activation" period ( Fig. lB) . The activated regions were defined by Student's paired t-test compari- Assuming that contiguous ROls between + 5 and + 3 mm com prise the motor area, and that the ROI at + 2 mm comprises the somatosensory area, the values of �S/S in the motor and somato sensory areas were 0.06 ± 0.04 and 0.17 ± 0.06, respectively.
The activated volume (p < 0.005) was estimated using a Simp son's rule algorithm that considers areas of consecutive ROls and slice interval. This method is defined mathematically as V "" (h/3)(AJ + 4A 2 + 2A 3 + 4A 4 + A5), where An is the area of nth ROI, h is the slice interval (�I mm), and V is the volume. Be cause Simpson's rule depends on having an odd number of data points, a zero datum was attached at the end of the series. Also, Simpson's rule appears to neglect some volume at each end slice; thus, a semispherical volume (radius"" 1.5 mm) was attached at both ends of the interpolated volume (see Brenner et aI., 1982) . The activated volume was calculated to be in the range of 20 to 30 mm 3 . The contents of GM, WM, and CSF in each ROI were as follows: 2 mm (96.6 ± 2.5) % = GM, (3.0 ± 2.6) % = WM, (0.4 ± 0.4) % = CSF; 3 mm (92.0 ± 4.5) % = GM, (7.0 ± 4.9)
Each (-map was thresholded with p < 0.005 to expose an ROI. son of "activation" and "preactivation" images (McCar thy et aI., 1993) . Statistical maps based on t-tests, i. e., t-maps, were created to depict activated regions. Each t-map was linearly interpolated to a 128 x 128 matrix and overlaid on a scout image to reveal the anatomical posi tion of active regions. Head movement artifacts were as sessed as follows. For a selected plane, the mean "pre activation" and "activation" images were computed from a stimulation set and one image was subtracted from the other. The resultant image was visually inspected for movement artifacts. The value of �S/S and the temporal behavior of �S in each area of activation was assessed as follows. Each t-map was thresholded with p < 0. 005 to expose an ROl that was significant. Values of �S/S and the temporal behavior of �S for each ROI were computed. The acti vated volume (p < 0.005) was estimated using a Simpson's rule algorithm as described elsewhere (Brenner et aI., 1982) . The gray matter (OM), white matter (WM), and cerebal spinal fluid (CSF) context in each ROI was calculated with respect to the corresponding T I-weighted scout/ anatomical image. All data are presented as mean ± SD.
RESULTS
Animal physiology
Arterial blood pressure remained within normal limits (80--90 mm Hg) in each experiment. During stimulation, mean blood pressure increased by � 10 J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 mm Hg and returned to baseline after stimula�ion. Blood gases and pH were within normal physiolog ical limits: pH = 7.35 ± 0.03, PaC02 = 37.7 ± 2.9 mm Hg, and Pao2 = 142 ± 8 mm Hg.
Brain mapping
Upon stimulation of the left forepaw, changes in MR signal intensity were observed in coronal im ages (right hemisphere), between + 5 and + 2 mm anterior to the bregma (see Fig. 2 ). Anatomical po sitions of the ROI in + 5, + 4, and + 3 mm coronal images corresponded to the contralateral frontal cortex, whereas the ROI in the + 2 mm coronal images matched the spatial positions of the parietal and frontal cortices (see Zilles, 1985) . Results ob tained from coronal image data are summarized in Table 1 . Although the ROIs were contiguously lo cated in coronal slices obtained between + 5 and + 2 mm, some variation wa� observed in the areas and values of LlS/S that corresponded to the differ ent ROls (see Table 1 and Fig. 2) . No significant change in signal was observed in the ipsilateral (i.e., left hemisphere, as shown in Fig. 3) . Figure 3 shows images of a coronal ( + 4 mm anterior to the bregma) and axial plane obtained from the same animal. Congruity of ROIs observed in coronal images (Fig.  2) was also seen in the axial image (Fig. 3B) . How ever, the axial ROI extended from + 5 mm to the bregma. The region between + 2 mm and the bregma matched zones of the frontal and parietal cortices, which, in the rat brain, represent primary motor and somatosensory areas, respectively (see Table 1 and Zilles, 1985) . Values of LlS/S in the motor and somatosensory areas were 0.06 ± 0.04 and 0.17 ± 0.04, respectively, and a time-lag was observed between the onset of stimulation and the MR response (�45 s), as shown in Fig. 4C . In all cases, the anatomical location of the ROI for a cer tain slice was reproducible across animals within the margins of experimental error. The estimated error in designating the position of bregma relative to isocenter was ±0.5 mm. The activated volume was calculated by a numerical method that consid ers areas of consecutive ROIs and slice interval (Brenner et aI. , 1982) . The volume of activated brain tissue was 20--30 mm3 (see Table 1 ). The con tents of GM, WM, and CSF in the activated brain tissue were (95.4 ± 4.5) %, (4.0 ± 4.9) %, and (0.6 ± 1.2) %, respectively.
Large blood vessels (diameter >75 jJ.. m) in the frontal cortical region were revealed by MR angio grams, as shown in Fig. 4A . Some of these vessels were depicted in high resolution T 2 *-weighted im ages as exaggerated dark streaks or dots (Ogawa et aI. , 1990; . For all cases ex- amined, the ROI was located in regions of the ce rebral anatomy that was free of blood vessel arti facts, as shown in Fig. 4B . All images were free of head movement artifacts as assessed by the proto col described earlier. However, artifacts along the phase-encode direction (Crooks et aI., 1982) were apparent in coronal planes acquired near the bregma, arising from movement of cerebral spinal fluid (CSF) in the lateral ventricles.
DISCUSSION
The increased MR signal intensity observed in the difference images during electrical stimulation of the left forepaw was localized in the frontal and parietal cortices of the right hemisphere ( Figs. 2 and  3) . The ROIs coincide with distinct areas of the forelimb somatosensory and motor cortices, which are depicted in neuroanatomical sections of the rat brain to lie approximately between + 3 to -4 mm and +5.4 to -2 mm from the bregma, respectively (see Zilles, 1985) . Therefore, the ROls coincide with known neuroanatomical locations of the fore paw somatosensory and motor areas. Occasional movement of the left forepaw and phalanges ob served during stimulation is consistent with the in creased activation in the frontal motor area [see Fig. 2 (A-C) and Table 1 ]. Minor areas of activation were observed in the cingulate and agranular insular cortices (see Fig. 2 and Zilles, 1985) . However, the greatest activation was observed in the somatosen sory regions (see Table 1 and Fig. 20) . The esti mated volume of brain tissue activated by the elec trical stimulus was between 20 and 30 mm3 (see Table 1 ). This is a conservative estimate of the ac tivated volume, since axial (see Fig. 3B ) and sagittal images demonstrated that the activation was con tiguous and extended from the anterior parts of the brain to the bregma. Artifacts arising from move ment of CSF in lateral ventricles (Crooks et aI., 1982) may have been responsible for our failure to observe activity in coronal images acquired near the bregma.
The origin of the MR response is related to changes in the bulk magnetic susceptibility between blood filled capillaries and tissue, a phenomenon that is affected by local blood flow, blood volume, and rate of oxygen consumption (for a recent re view, see Shulman et aI., 1993) . Increased blood flow and glucose consumption has been shown to occur in the contralateral somatosensory cortex of the chloralose-anesthetized rat during electrical stimulation of the forepaw (Ueki et aI., 1988 (Ueki et aI., , 1992 . In studies of the human brain using dynamic MRI, variability in the value of �S/S between subjects has been attributed to partial volume effects as well as to the method used to define the ROI (Bandettini et aI., 1992; Kwong et aI., 1992; Ogawa et aI., 1992; Blamire et aI., 1992; Turner et aI., 1993; McCarthy et aI., 1993) . Large voxels can encompass regions of GM and WM in different proportions, depending upon the position of the ROI relative to the imaging matrix (Blamire et aI., 1992) . The frontal cortex of the rat brain is abundant in GM, and the voxel size in our experiment (300 x 300 x 500 IJ-m) was large enough to include blood vessels of different sizes. Large vessels can exhibit functional responses by draining active areas and, thus, may not reflect precise anatomical location of neuronal activity. Only the smaller vessels within the ROI are, there fore, expected to be of neurophysiological, inter est. In every case, the ROI was located within areas devoid of large vessels, as revealed from MR angiograms (see Figs. 4A and B) . Thus, we sug gest that voxels comprising the ROI contained GM with small blood vessels (i.e., capiJlaries, arterioles, and venules), which provide the tissue's vascular network to support the metabolic and hemody namic requirements. The variation of LlS/S (see Ta ble 1) may, therefore, represent heterogeneity of the cerebral microvasculature, and partial volume effects are minimal. Recently, Lindauer et al. (993) using laser-Doppler flowmetry, demonstrated that blood flow in the somatosensory cortex of the rat increases during whisker stimulation. Measure ments were made through a cranial window above the somatosensory cortex. Blood flow changes were measured in regions of the cortex (�t mm3), where blood vessels of different sizes 00--250 iJ--m diameter) were present. Therefore, results of Lin dauer et al. (993) substantiate our conclusion that activated voxels are comprised mainly of GM and small blood vessels. Within the accuracy of our measurements, we estimate that the contents of GM, WM, and CSF in the activated brain tissue were approximately 95, 4, and t%, respectively (see Table 1 ).
To date, most of the functional MRI experiments on humans have been carried out at field strengths between 1.5 and 4 T (for a review, see . Since magnetic susceptibility variations increase with higher magnetic field strength, it is expected that LlS/S should also increase with higher static magnetic field strength (Ogawa et aI., 1990) . Recently, Turner et al. (1993) reported that in the human visual cortex (same volunteer), LlS/S in creases from �0.06 to 0.15 at field strengths of 1.5 and 4 T, respectively. This indicates that the depen dence of LlS/S on the magnetic field is greater than linear, the exponent being in the range of t.5 and 1.8 (Turner et aI., 1993) . Our reported values of LlS/S on anesthetized rats at 7 T is between 0.05 and O. t 7. We recommend caution for comparison of our re ported values of LlS/S with human data at different field strengths for determination of the field depen dence of the MR response. Factors such as inter species variability of capiJlary density, metabolism, blood flow, effects of anesthesia, awake-state, etc., can complicate any direct comparison of results. It may be mentioned that activation of the motorl sensory cortex during electrical stimulation of the median nerve in humans resulted in much smaller J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 signal changes than did motor paradigms (Const�ble et aI., 1993) . Although our reported values of LlS/S were between 0.05 and 0. 17, peak values of some single voxels were as large as 0.30. Presently, there is no standardized method for defining the active ROI from which to calculate LlS/S. For example, an ROl that is highly significant statisticaJly will pro vide a higher value of LlS/S than will an ROI that is less significant.
Human data indicate that the temporal behavior of LlS for a series of functional images exhibits a time-lag between stimulus and MR response (see Shulman et aI., 1993) . Determination of the tempo ral aspect of the MR response was not our main objective for the present experimental parameters. However, as shown in Fig. 4C , a characteristic tem poral behavior of LlS was noticed. The long time-lag that we observed (�45 s) between the onset of stim ulation and maximum signal change may be related to the long image-acquisition time (�18 s/image). In dynamic MRI studies of visual stimulation in the human brain, Ogawa et al. (1992) showed a time-lag of 30--40 s, with imaging times of � 10 s, whereas the time-lag was reduced to �6 s using sub second imaging times (Kwong et aI., 1992; Blamire et aI., 1992; Turner et aI., 1993) . Measure ments of cortical blood flow in the rat somatosen sory cortex during whisker deflection, by laser Doppler flowmetry, indicate that flow increases in <3 s after onset of stimulation (Lindauer et aI., 1993) . It is possible that the difference in time-lag between human and rat brain data may be related to the variations in blood-brain transit times and met abolic rates. Enhanced time resolution using rapid imaging methods wiJl allow a more detailed study of the temporal characteristic of the MR response upon stimulation.
In summary, electrical stimulation of the forepaw leads to an increase in MR signal intensity in spe cific frontal regions of the rat brain. The anatomical position of the ROI for a particular slice was repro ducible across aJl animals within the margins of ex perimental error. This noninvasive and highly sen sitive in vivo dynamic imaging method permits re peated brain mapping experiments on a single animal. Dynamic MRI provides a new tool for the investigation of brain function.
